During re-endothelialization after intimal denudation induced by balloon catheter in the rat aorta, re-formation of the basement membrane (BM) was examined in samples taken 15 min, 3, 7, 14, 21 and 28 days after the balloon-induced injury. Although the luminal surface of the aortic wall was covered by round-shaped regenerating endothelial cells (ECs) by 7 days after intimal denudation, no continuous BM structure was detectable until 21 days. Periodic acid-thiosemicarbazide gelatin-methenamine silver (PATSC-GMS) staining for electron microscopy and immunostaining of type IV collagen and laminin demonstrated the accumulation of BM components underneath the regenerating ECs after 14 days. The ekpression of type IV collagen mRNA was revealed in regenerating ECs by in situ hybridization. A continuous BM structure first appeared 21 days after intimal denudation and was almost complete by 28 days. Simultaneously, the regenerating ECs flattened and attached more closely to the BM than in earlier phases.
The basement membrane (BM) underneath the endothelial cell (EC) layer plays important roles in maintaining cell polarity and regulating cell migration, adhesion, proliferation and differentiation (1) (2) (3) (4) (5) . It is of particular importance to determine its role in endothelial regeneration or proliferation during atherogenesis, wound healing and tumor growth. Although in vitro examination has been used in most investigations of the relationship between-BM components and ECs, in vivo studies concerning BM formation and its role in cell regeneration appear to be lacking. The model of intimal denudation in the aorta induced with a balloon catheter is useful in researching the interactions among cell components, extracellular matrix and growth factors in the regenerative process of ECs in atherogenesis.
In this study, the role of the BM in growth and differentiation of the endothelium was examined during the course of re-endothelialization after intimal denudation, using electron microscopy, immunohistochemistry and in situ hybridization.
Material and Methods

Animals
Male Wistar rats (n=30) aged 15 to 16 wk and weighing about 400 g were used in all experiments.
All animals had free access to standard rat chow and water.
Endothelial denudation Endothelial denudation of the thoracic aorta was performed with a vascular balloon catheter (1.5 Fr., DOW CORNING, CORP). The procedure was originally devised by Baumgartner (6) and a modified version was used by some authors (7, 8) .
Under pentobarbital intraperitoneal anesthesia (8 mg/ kg) supplemented with ether, the catheter was inserted into the thoracic aorta via the left common carotid artery. After inflation of the balloon with saline solution, the catheter was passed through the length of the aorta about 2.5 cm three times. 
Macroscopic observation
To confirm the injured area, 1.5 ml of Evans blue solution(in 1% saline) was injected intravenously into randomly selected animals immediately after endothelial denudation (8). Thirty minutes after the injection, the aortas were resected and opened longitudinally to with glycine (2 mg/ml) in PBS, then kept in 50%(v/v) deionized formamide/2xSCC. The hybridization buffer contained 0.6 M NaCl, 1 mM EDTA, 10 mM Tris-HCI (pH 7.6), 120 ,ug/m1 herring sperm DNA (Boehringer Mannheim GmbH), 1xDenhardts solution, 10% (w/v) dextran sulfate (Sigma Chemical Co.), 40%(v/v) deionized formamide and 100-300 ng/ml labelled DNA probe (denatured). Fifty microliters of hybridization buffer was applied to each anti-digoxigenin Fab fragment conjugated to alkaline phosphatase in buffer 1 solution for 30 min at room temperature and equilibrated with the buffer 3 solution containing 100 mM Tris-HCI, 100 mM NaCI and 50 mM MgCl2 (pH 9.5) for 2 min. The sections were then incubated with color solution containing NBT and BCIP in a dark box for 60 min. After stopping the reaction with TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0), the sections were mounted in aqueous mounting medium (Daido Sangyo Co.) and observed by light microscopy. 
Light microscopic observation
In HE-and PAM-stained specimens, the ECs and BM were desquamated and the internal elastic lamina was exposed 15 min and 3 days after the injury was induced. There were some smooth muscle cells migrating from the media to the luminal surface 3 days after intimal denudation. Seven days after intimal denudation, the luminal surface of the aortic wall was covered by round or cuboidal cells arranged in a monolayer. The regenerating cells flattened with time and eventually approached that of the control 28 days after intimal denudation. Simultaneously, a thin subendothelial layer, faintly PAMstained, re-formed (Fig. 1) . Immunohistochemically, the presence of vWF was confirmed in the regenerating cells after the 7th day following injury as well as in the control (Fig. 2) . Focal fibrocellular thickening containing smooth muscle cells was infrequently observed in the neo-intima These BM components were localized in intima. The immunostaining on day 14 tended to be thicker than that in the control or that on day 28. more than 14 days after intimal denudation.
Transmission electron microscopic observation
In the control, compared with ordinary double staining, PATSC-GMS staining clearly demonstrated the BM as a highly electron-dense layer (50-60 nm thick) closely apposed to the basal surface of the ECs. The ECs appeared flat against the BM, and the intercellular junctions and aftachment to the subendothelial tissue were tight (Fig. 3a) . Fifteen min after injury was induced, the subendothelial tissue including the BM had disappeared (Fig. 3b) . Fourteen days after intimal denudation, the luminal surface was covered by regenerating rounded cells, which frequently contained Weibel-Palade bodies in the cytoplasm.
These rounded cells bulged toward the lumen, with increased subendothelial matrix relative to the control. Although no continuous BM structure could yet be detected, many fragments of PATSC-GMS-positive substance had accumulated irregularly in the subendothelial space (Fig. 4) . Twenty-one days after denudation, the regenerating ECs extended cytoplasmic processes toward the elastic lamina at the cell margin, so that the abluminal surface of the ECs presented an arch-likeshape. The PATSC-GMS-positive fragments just below the top of the arch were fewer than on day 14 after injury ( Fig. 5a ). On the other hand, a linear BM structure had begun to form just above the elastic lamina (Fig. 5b) . The intimal features 28 days after intimal denudation showed a decreased subendothelial matrix and reconstruction of the BM. An electron-dense, continuous and slightly wavy structure (about 100 nm thick) was located just underneath the basal surface of the regenerating ECs, coexisting with a small amount of collagen fibrils. In some areas, the continuity of the BM was incomplete, presenting a dotted line-like image, and the EC; attachment to the subendothelial tissue was not so tight (Fig. 6) . The shape of the ECs and the thickness of the subendothelial space tended to flatten in comparison with the earlier phases.
. Immunohistochemistry
Light microscopically, laminin and type IV collagen were localized in the intima in the control and after the 7th day following injury induction. While in the control and day 28 specimens, positive immunostaining appeared as a thin layer under the ECs respectively, day 7 and day 14 specimens tended to show thicker layers of immunohistochemical positiveness (Fig. 7) . Ultrastructurally, laminin and type IV collagen were localized in the subendothelial layer in an irregularly dispersed distribution 14 days after intimal removal (Fig. 8) .
: In situ hybridization
While type IV collagen mRNA was not expressed at all in the control ECs and smooth muscle cells, several regenerating ECs revealed . strong expression in their cytoplasm more than 7 days after intimal denudation. Simultaneously, weak signals scattered in the media were detected (Figs. 9a, b) . The frequency of regenerating ECs with specific signals was similar among day 7, day 14 and 28 specimens.
The absence of probe or treatment with RNAse abolished specific signals (Fig. 9c) .
Discussion
The procedure of intimal denudation by a vascular balloon catheter in animal arteries was established by the 1970s. In our study, macroscopic and microscopic observation 15 min and 3 days after intimal damage confirmed the complete removal of intimal tissue including the BM (Figs. 1, 3) .
By 7 days, the denuded area was covered by a monolayer of regenerating cells frequently containing Weibel-Palade bodies, a specific organelle of ECs, in the cytoplasm, revealed by electron microscopy (8, 11, 12) . In previous reports, since the authors were concerned mainly with smooth muscle cell migration into the intima, intimal fibrous thickening and related phenomena, BM reconstruction was scarcely mentioned.
Major structural components of the BM include type IV collagen, laminin, heparan sulfate proteoglycans and nidogen/entactin.
The molecular architecture of these matrices was revealed in detail. Type IV collagen, using NI-12-terminal, COOH-terminal and lateral associations, forms a covalently stabilized polygonal framework. Laminin, a four-armed glycoprotein, self-assembles through terminal domain interactions to form a second polymer network. Entactin/nidogen, a dumbbell-shaped sulfated glycoprotein, binds laminin near its center and interacts with type IV collagen, bridging the two. A large heparan sulfate proteoglycan can bind itself through a core-protein interaction to form dimers and oligomers, and can bind laminin and type IV collagen through its glycosaminoglycan chains (13, 14, 15) . PATSC-GMS staining as a new method improving on PAM staining was employed in the present study. The basic principle of this method is represented by final binding between methenamine-silver and the terminal polysaccharide chains (9), hence silver grain deposition in this staining is thought to demonstrate polysaccharide-rich substances including BM components, stromal collagen fibrils and the von Willebrand factor contained in the Weibel-Palade body, which is also a glycoprotein (16, 17).
Our electron microscopic observation showed disorderly accumulation of PATSC-GMS-positive fragments under the regenerating ECs 14 days after denudation and the subsequent re-formation of a continuous linear BM structure more than 21 days after intimal denudation (Figs. 4, 5, 6) . A schema drawing the ultrastructural process after intimal denudation is shown in Fig. 10 . Light and electron microscopical localization of laminin and type IV collagen by immunohistochemistry revealed the BM components under ECs. It was thought reflecting the ultrastructural process described above that the day 7 and 14 specimens showed thicker positive immunostaining than the control and day 28. These findings suggest that the production of BM components by the regenerating ECs contributes to BM reconstruction.
In fact, in situ hybridization revealed obvious expression of type IV collagen mRNA in regenerating ECs (Fig. 9) . In cell culture systems, it was reported that ECs synthesize and secrete extracellular matrices including BM components (18-21).
The detailed process through which the molecular architecture of the BM is constructed from components has not been sufficiently disclosed, especially in vivo (22). However, such factors as proteinases might infiltrate and degrade the accumulated BM components so that P ATSC-GMS-positive substances occupying the superficial portion of the subendothelial space decreased at 21 days compared with 14 days after denudation (Fig. 5) .
The regenerating ECs appeared to bulge into the lumen 7days after denudation but tended to flatten by 28 days after injury, accompanied by BM re-formation.
Furthermore, the basal surface of the regenerating ECs became closely attached to the reconstructed BM. These results suggest the relationship in vivo between the reorganization of BM and the differentiation of ECs (1, (3) (4) (5) , and that BM components may contribute to the growth and differentiation of ECs, probably through receptors to some BM components on EC surfaces (14, (23) (24) (25) .
